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Metastatic outgrowth is supported by metabolic adaptations that may differ from the primary tumor of origin. However, it is
unknown if such adaptations are therapeutically actionable. Here we report a novel aminopyridine compound that targets a unique
Phosphogluconate Dehydrogenase (PGD)-dependent metabolic adaptation in distant metastases from pancreatic cancer patients.
Compared to structurally similar analogs, 6-aminopicolamine (6AP) potently and selectively reversed PGD-dependent metastatic
properties, including intrinsic tumorigenic capacity, excess glucose consumption, and global histone hyperacetylation. 6AP acted as
a water-soluble prodrug that was converted into intracellular bioactive metabolites that inhibited PGD in vitro, and 6AP
monotherapy demonstrated anti-metastatic efficacy with minimal toxicity in vivo. Collectively, these studies identify 6AP and
possibly other 6-aminopyridines as well-tolerated prodrugs with selectivity for metastatic pancreatic cancers. If unique metabolic
adaptations are a common feature of metastatic or otherwise aggressive human malignancies, then such dependencies could
provide a largely untapped pool of druggable targets for patients with advanced cancers.

Oncogene (2022) 41:1518-1525; https://doi.org/10.1038/s41388-022-02183-3

INTRODUCTION

Distant metastasis is a multi-step cascade that requires malignant
cells to escape the primary site of origin, disseminate in the
circulation, seed foreign soils of other organs, and achieve
successful metastatic outgrowth [1]. Although metastasis is the
most common cause of cancer deaths, it remains one of the least
understood aspects of cancer biology [2]. In patients, distant
metastasis presents as either oligometastatic disease (limited
tumor burden) or widely metastatic disease (heavy tumor burden)
[3]. The former is often treatable and sometimes curable, whereas
the latter is universally lethal.

A striking example is pancreatic ductal adenocarcinoma (PDAC)
[4-6]. Most PDAC patients develop widely metastatic disease,
which presents suddenly and progresses rapidly to diffusely fill the
liver and/or lungs with hundreds to thousands of treatment-
resistant metastatic tumors [7, 8]. A smaller subset of patients may
also develop peritoneal carcinomatosis [7, 8], which refers to intra-
abdominal metastatic implants seeded directly off the primary
pancreatic tumor with secretion of malignant ascites fluid.
Surprisingly, driver mutations and consequential copy number
changes are shared between primary tumor and metastasis in
treatment naive patients [8-10], including those required for
metastasis itself [11].

Barriers exist at each step of the metastatic cascade that
renders the overall process inefficient [12, 13]. One barrier is the
metabolic demands of metastasis. For example, metastatic
dissemination within the circulation requires metabolism of

reactive oxygen species [14] while metastatic outgrowth within
other organs requires metabolism of nutrients that may differ
substantially from those available in the primary tumor [15-18]. In
the setting of shared genetic drivers, new metabolic adaptations
that uniquely support metastasis may be required. If so, such
adaptations would present metastasis-intrinsic therapeutic tar-
gets [19].

We recently described a nutrient-dependent metabolic adapta-
tion that was intrinsic to PDAC distant metastasis [17, 18, 20, 21].
Well-characterized, sequence-verified clonal PDACs collected
during rapid autopsies of patients with widely metastatic disease
[7, 8, 22] consumed excess glucose [17], a nutrient that is depleted
in stroma-rich primary PDACs [16, 17]. The excess glucose fueled
abnormally high PGD catalytic activity (PGD™") [17, 18], which
converts glucose-derived substrates [18] into pro-tumorigenic
biosynthetic metabolites [20]. Because PGD"" reciprocally
stimulated glucose consumption [17], this metabolic adaptation
was self-maintained through positive feedback rather than genetic
mutations [9, 17, 18, 20]. The excess glucose also fueled
hyperacetylation of PDAC chromatin [17] into an epigenetic state
that was permissive for activation of the metastatic transcriptome
[20, 23]. Thus, the rapid autopsy metastatic (sub)clones are
strongly dependent on this adaptation. We therefore leveraged
these unique patient samples to formally test the hypothesis that
a metastasis-intrinsic metabolic adaptation (PGD"9") can be
pharmacologically targeted. This could be especially relevant for
PDAC patients, since most (~70-80%) present with widespread
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distant metastasis [7, 8] that may favor acquisition of PGD"9"
[17, 20]

RESULTS AND DISCUSSION

6-aminonicotinamide (6AN, Fig. 1A) [24] is a derivative of pyridine-
3-carboxamide (nicotinamide) that is metabolized into NADP
byproducts that inhibit NADP oxidoreductases, including PGD
[25]. Consistent with this, we previously reported that 6AN was
active against PGD"9" PDACs [17, 18, 20]. However, high
concentrations were required in culture, off-target activities
including non-selective inhibition of glucose-6-phosphate dehy-
drogenase (G6PD) are well-known [25, 26], and severe neurotoxic
side-effects preclude animal experiments [24, 27]. Thus, 6AN lacks
potency and selectivity in vitro and cannot be used as a
therapeutic agent in vivo. We hypothesized that 6AN might
instead be useful as a lead compound to identify alternative small
molecules that selectively target PGD"9",

Comparative glide docking simulations examining the X-ray
structure of NADP (Fig. 1B) or 6AN-riboside (Fig. 1C) bound within
the PGD active site predicted that the amino group attached to C6
(of 6AN-riboside) was free of steric hinderance and could
hypothetically displace a water molecule to form hydrogen bonds
with the backbone amides of Ans103, Gly101, and Val128 of PGD.
The N1-riboside exit point appeared similar in both structures, but
this area was more sterically restricted due to crowding with the
ribose sugar (Fig. 1B, C). In contrast, the area surrounding the C3-
carboxamide group was not crowded and the group itself
appeared sterically flexible in both structures (Fig. 1B, C). Because
the in silico simulations predicted that the presence of a C6-amino
group enhances docking stability while the C3-carboxamide group
is flexible to modification, we hypothesized that aminopyridine
analogs with a retained C6-amino group combined with C3-
carboxamide substitutions might provide a class of 6AN-like
compounds that selectively target PGD-dependent PDACs.

Cell-based assays were employed to screen a panel of pyridine
analogs designed to test the docking predictions. Genetic
inactivation of PGD does not significantly impair proliferative
growth or viability of PGDM9" PDACs in 2D cultures [18, 20], which
precludes use of traditional 2D plate screening formats. Rather,
PGD inactivation strongly impairs tumoroid outgrowth of PGD"9"
PDACs in 3D cultures. 3D assays were therefore selected as the
screening format. Because this initial screen was designed for
selectivity (rather than potency), high exposures (250 uM for
21 days) were used to identify analogs that selectively target
PGDM9" without nonspecific effects on PGD'" control cells. As
predicted by the glide docking simulations, analogs with a C6-
amino group combined with C3-carboxamide substitutions
strongly blocked 3D outgrowth of 6AN-sensitive PGDM9" test
cells, which we observed in both suspension (Fig. 1D) and solid
(Fig. S1A) 3D formats. As also predicted by the docking
simulations, substitutions affecting the C6-amino group rendered
the PGD"9" test cells resistant (Figs. 1D and S1A). Substituting
nitrogen for carbon at C2 or C5 on the pyridine ring yielded similar
results (Fig. 1D). In contrast, a PGD'" peritoneal implant isolated
from the same rapid autopsy patient was resistant to all analogs
tested, with the lone exception of a C4-fluorinated analog which
could reflect nonspecific toxicity (Fig. 1D). Collectively, these
experiments suggested that 6-aminopyridines represent a class of
compounds with selectivity for PGD"9" PDACs.

We next investigated if any of the selective analogs possessed
superior potency. Comparative dose response treatments down to
1 uM identified a previously unstudied compound, 5-(amino-
methyl)pyridin-2-amine (or 6-aminopicolamine: 6AP), as the most
potent inhibitor of 3D tumoroid outgrowth (Figs. 2A, S1B). This
activity reflected a strong cytostatic effect, as viable cell numbers
remained nearly constant throughout the entire low dose 6AP
treatment period (Fig. S2A, B). As expected, 6AP was more potent
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than 6AN, which we replicated in both suspension (Fig. 2A) and
solid (Fig. 2B) 3D formats. Despite the higher potency against
PGD"9", 6AP did not possess the same off-target activity against
immortalized PGD'" human pancreatic ductal epithelial (HPDE)
cells as 6AN (Fig. 2C), and a panel of PGD'" PDACs of diverse
origin (primary tumor, peritoneal implant, peritoneal ascites fluid)
[17, 20] were either completely insensitive to 6AP or only modestly
affected at high concentrations (Fig. 2D). 6AP dose response
treatments further demonstrated activity down to submicromolar
(high nanomolar) concentrations against the PGDM9" pilot cells
(ECs0: 250 nM, Figs. 2E and S2C), and a 5 uM ceiling dose retained
anti-tumorigenic activity across a larger panel of well-
characterized PGD"9" PDACs [8, 17, 18, 20] (Figs. 2F and S2D).

We postulated that if 6AP is a potent inhibitor of PGD™", then it
should reverse other PGD-dependent traits. The PGDM9" adapta-
tion allows malignant cells to consume abnormally high amounts
of glucose, which facilitates global hyperacetylation PDAC
chromatin (Fig. S3A) [17]. We therefore tested if 6AP could reverse
these traits with high potency, since both are straightforward to
quantify. As expected [17], treating PGDM" cells with high
concentrations (25 uM) of 6AN slowed glucose consumption rates
down to levels comparable with PGD'" cells from the same
patient, whereas lower concentrations (5 uM) did not (Fig. S3B). In
contrast, 6AP lowered glucose consumption rates with equal
efficacy at both concentrations (Fig. S3C). Confocal immunofluor-
escence experiments further demonstrated that 5 uM 6AP (but not
5 uM 6AN) reversed global histone hyperacetylation (H3 lysine27
and H4 lysine16), which we replicated in both 2D (Fig. S3D) and
3D formats (Fig. S3E). Thus, 6AP potently and selectively reversed
PGD-dependent malignant properties, including intrinsic tumori-
genic capacity, high glucose consumption, and histone
hyperacetylation.

Interestingly, 6AP itself failed to directly inhibit recombinant
PGD in vitro (Fig. 3A). Because 6AN incorporates into NADP to
produce 6ANADP [25], we hypothesized that 6AP was a prodrug
that must be metabolized into similar metabolites (for example,
6APADP) with inhibitory bioactivity against PGD. We therefore
devised an experimental strategy to recover intracellular metabo-
lite pools containing 6APADP (Fig. 3B), which would allow us to
formally test whether 6AP-derived metabolites could directly
inhibit recombinant PGD. Liquid chromatography followed bx
mass spectrometry (LC-MS) on metabolites extracted from PGD"9
cells first confirmed that metabolites with mass-to-charge ratios
(m/z) corresponding to 6APADP were enriched in 6AP-treated cells
and absent from DMSO-treated controls (Fig. 3C). High perfor-
mance liquid chromatography (HPLC) separation of the metabo-
lite extracts further revealed a uniquely migrating peak in 6AP-
treated cells that was also absent from DMSO controls and
migrated differently than the known 6ANADP-containing peak
[25] from 6AN-treated cells (Fig. 3D). To further remove non-
nucleotide impurities, this unique peak was subjected to a second
HPLC which produced two closely migrating 6APADP-containing
fractions with partially overlapping retention times of 26 and 28 m
(Fig. 3E). Both fractions were therefore subjected to downstream
bioactivity testing against recombinant PGD.

The unavoidable partial degradation of temperature sensitive
6APADP compounds during the complex recovery procedure
limited yields and concentration estimates of full-length 6APADP
in the collected peak fractions. Because of this, input volumes
used for recombinant enzyme activity assays were determined
empirically. Remarkably, identical input volumes from both peak
fractions inhibited recombinant PGD in a linear, dose-responsive
range with comparable volumetric ICs, estimates (Fig. 3F).
Importantly, inhibition was selective for PGD as neither fraction
inhibited G6PD (Fig. 3G). Although we cannot exclude the
possibility that other metabolites might have contributed to
results (including 6APADP breakdown products), these labor-
intensive experiments confirmed that the PGD"" cells
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Fig. 1 6-aminopyridines are selectively active against PGD"9", A 6AN lead compound with numbered pyridine ring and functional groups
as indicated. B X-ray structure (PDB: 2JKV) showing the nicotinamide group of NADP docked within the PGD active site. Note the water
molecule (red dot) situated between PGD amino acids and the pyridine C6. C Glide docking simulation showing 6AN-riboside docked within
PGD. Note that the C6-amino group replaces the water and models hydrogen bonds with the same PGD amino acids. D Clonal cell lines from a
test pilot PGDM9" distant metastasis (left) and a PGD'®" peritoneal implant (right) from the same patient were plated into 3D suspensions and
treated with the indicated analogs. Those with substitutions away from the 6-amino group selectively blocked tumoroid growth in PGDM9".
Those with substitutions of the C6-amino group or nearby atoms did not. DMSO and 6AN control treatments are the top two rows,

respectively. Scale bars: 400 um.

manufacture 6AP-derivative metabolite pools that inhibit PGD, as
expected for a prodrug. This also implies plausible mechanisms for
how 6AP might discriminate PGD™" from PGD'" PDACs,
including inhibition of abnormally high PGD catalytic rates and/
or preferential incorporation into differentially activated NAD(P)
biosynthetic pathways.

We next investigated if 6AP monotherapy possessed selective
anti-metastatic efficacy against PGD"" in animal models of
metastasis. To first determine if 6AP is safe to administer, we
compared it against 6AN which causes debilitating peripheral
neuropathy with acute weight loss [24, 27]. Unlike 6AN, mice
treated with 6AP showed little to no clinical symptoms of acute
neuropathy (hind limb spasticity, Fig. S4A) and weight loss was
accordingly minimal (Fig. S4B). This prompted us to simulate the
dosing requirements of a longer-term therapeutic efficacy study

SPRINGER NATURE

(saline vehicle verses 20 mg/kg 6AP administered every four days
for twenty-one weeks). This dosing scheme was very well-
tolerated, as mice remained clinically asymptomatic with similar
weights throughout the entire course of the trial (Fig. S4C, D). Anti-
metastatic efficacy trials were therefore conducted using this
treatment schedule, which may be conservative given the low
dose and spaced dosing frequency.

Because the liver is the most common site of PDAC distant
metastasis [7], efficacy trials were conducted in mice using a well-
established model of experimental hepatic metastasis (splenic
implantation) [17, 28]. Two widely used strains of immunodeficient
mice (Nu/J and NSG) were employed because they are
differentially permissive for metastatic outgrowth, they facilitate
investigation of cell-autonomous sensitivities since confounding
tumor-immune interactions are minimized, and because they can
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Fig.2 6AP potently and selectively impairs PGD"9" tumoroid outgrowth. A The PGD"'9" pilot metastasis were plated into 3D suspensions
and treated with 1 uM of the indicated analogs. Only 6AP impaired tumoroid growth. B PGDM9" cells were plated into solid 3D discs and
treated with 1 uM of 6AN or 6AP. Only 6AP impaired tumoroid outgrowth at this concentration. € PGD'" non-malignant HPDE cells were
plated into solid 3D discs and treated with 1 pM 6AN or 6AP as indicated. 6AP did not demonstrate the off-target effects of 6AN. D PGD'*"
PDACs from non-distant sites (as indicated) were plated into solid 3D discs and treated with 1 uM or 50 uM 6AP. 6AP demonstrated either no

effect or modest effects on tumoroid outgrowth, implying selectivity for PGDM9",

E The PGD"9" pilot metastasis was plated into solid 3D discs

and treated with increasing concentrations of 6AP as indicated to determine the dose-response (approximate ECsq: 0.25 uM). F A panel of the
indicated PGDM9" PDACs were plated into 3D suspensions and treated with 5uM 6AP. 6AP impaired tumoroid growth of aII the tested
samples. Note: For all quantified 3D assays, tumoroid growth is calculated and plotted by the mean size (surface area in mm?) of twelve
individual tumoroids representing 3-4 technical replicate experiments (error bars: s.d.m., p values calculated by two-tailed t tests). Scale bars:

400 um for all panels.

host human cells. A PGD™" primary tumor subclone that seeded
distant metastasis [8, 20] in a treatment naive patient from the
rapid autopsy cohort was chosen for experiments. Unlike the other
rapid autopsy samples collected from fully established metastatic
tumors, this subclone (13Pr) retains a fuller spectrum of the
metastatic cascade which allows 13Pr cells to efficiently seed
hepatic metastasis in immunodeficient mice [17]. As might be
expected, 13Pr is also closely related to distant metastases from
the same patient based on phylogenetic relationships [8],
epigenomic state [20], and metabolic dependencies [17, 18, 20]
including PGD"9". Thus, 13Pr was ideal to test if 6AP monotherapy
could target PGD-dependent metastasis in vivo.

In the less permissive Nu/J strain, metastatic outgrowth of 13Pr
cells is stochastic and manifests as low tumor burden after a
latency of at least 12-20 weeks. This model therefore allowed us

Oncogene (2022) 41:1518-1525

to test if 6AP qualitatively influenced the probability of developing
metastatic outgrowth in the liver. As expected, saline-treated
control mice developed hepatic metastasis in a stochastic manner
(4/8 mice, Fig. 4A top panels). 6AP-treated mice were less prone to
develop metastasis (1/8 mice, Fig. 4A top panels), and metastatic
tumor that did develop was highly necrotic relative to controls
(Fig. 4A bottom panels). Thus, although 6AP did not prevent
stochastic outgrowth with 100% efficacy, it did lower the overall
frequency (saline: 50%, 6AP: 12.5%, Fig. 4A top graph) with
impaired PDAC viability when metastasis did occur (saline: 72%,
6AP: 30%, Fig. 4A bottom graph).

Most PDAC patients develop widely metastatic disease that
diffusely involves the liver [7]. In the more permissive NSG strain,
13Pr metastatic outgrowth consistently manifests as diffuse hepatic
involvement. This model therefore allowed us to test if 6AP might
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Fig. 3 6AP metabolites are bioactive. A Recombinant PGD catalytic rates were measured in the presence of DMSO, 5 uM 6AP, or 10 uM 6AP
as indicated. Consistent with a prodrug, 6AP failed to directly inhibit recombinant PGD activity (n = 3 technical replicates, error bars: s.d.m., p
values calculated by two-tailed t tests). B HPLC-based strategy to recover intracellular metabolite pools containing bioactive 6APADP. The LC-
MS mass-to-charge ratio (m/z) in positive |on mode for 6APADP is indicated at the bottom. C Extracted ion chromatograms (m/z:
745.1107-745.1181) of metabolites from PGD"" cells treated with either DMSO (top) or 6AP (bottom). Closely migrating signals within this
range (correspondlng to 6APADP) were enriched in 6AP-treated cells. D Representatlve time resolved HPLC separatlon of metabolites
extracted from PGD"®" cells treated as indicated (A: 260 nm). 6AP shows a unique peak (arrow) that is not present in DMSO and distinct from
6AN (arrow). LC-MS confirmed this unique peak contained 6APADP (not shown). E The unique 6APADP peak was further separated into two
major peaks (26 and 28 m, A: 256 nm) that both contained 6APADP (LC-MS, not shown). F Recombinant PGD was incubated with increasing
volumes of the 6APADP-containing metabolite fractions as indicated, producing a dose-response inhibition and approximate volumetric ICsq
values (n = 3 biological replicates, error bars: s.e.m.). G Recombinant PGD (left) and G6PD (right) were incubated with the ICs, volumes of the
indicated 6APADP fractions. Both fractions selectively inhibited PGD but not G6PD (n =3 biological replicates, error bars: s.e.m., p values
calculated by two-tailed t tests).

quantitatively influence the kinetics of (widely) metastatic out- of metastatic outgrowth. The microscopic analysis demonstrated an
growth. As expected, all saline-treated mice implanted with 13Pr overall 55% mean reduction in metastatic tumor burden (saline:
developed diffuse metastasis in the liver (Fig. 4B top panels). 6AP- 66%, 6AP: 32%, Fig. 4B top plot). Although tumor necrosis was
treated mice implanted with 13Pr also developed hepatic modest in all NSG animals, a significant increase was nevertheless
metastasis (Fig. 4B top panels), which was not unexpected given present in 6AP-treated mice implanted with PGD™9" (saline: 3.7%,
the highly permissive strain of the host. However, unlike saline- 6AP: 8.7%, Fig. 4B bottom plot). Thus, while not qualltatlvely
treated mice (grossly diffuse disease in 6/6 mice), grossly evident preventative, 6AP did quantitatively slow PGD high * metastatic
metastatic burden was more variable in 6AP-treated mice (grossly outgrowth by 50% in the NSG background (assuming a linear
diffuse disease in 2/6 mice). We therefore conducted comprehen- doubling time, saline: 8% mean outgrowth per week, 6AP: 4% mean
sive histopathology measurements to precisely quantify the extent outgrowth per week, p = 0.0008 by two-sided t tests).
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R.V. Smalling et al.

A Nu/J Liver: PGD"ish p=0.034
- 2 100
[0]
aC> E 1 No Mets
© 5 B Mets
2] R
0
00
S
o g M Necrotic
% :é‘ 1 Stroma
< M Viable
~ g 6AP
B NSG Liver: PGD" 2
5 * | p=0.001
0] £ - .
£ = L
3 i
G : o]
Saline 6AP
20, p=0.036
X9 °
a 8
O
S 2 . [2
2| = | -
oL
Saline 6AP
C NSG Pancreas: PGD"" 2 p=0.49
| et e
© E iz ==
£ o
L N
S »
L Saline 6AP
6 . _
- p:0.26
i 8
< 8 =
© c °
X
0 -
Saline 6AP
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(13Pr cells) hepatic metastasis as shown in the gross images (scale bars: 1cm). Individual 6AP-treated mice also developed less bulky
intrahepatic metastasis with more tumoral necrosis than saline-treated mice as shown by representative H&E stains (top panels: metastases
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impair pancreatic tumor growth of PGD'®" 38Per cells orthotopically implanted into NSG mice as shown in the gross images (scale bars: 1 cm),
representative H&E images (top panel scale bars: 1 mm, bottom panel scale bars 400 um, T: tumor, P: pancreas), and the plots quantifying
gross tumor size measurements (top plot, n =6 mice per group, error bars: s.d.m., p values calculated by two-tailed t tests) and histologic
percent tumor necrosis (bottom plots, n =6 mice per group, error bars: s.e.m., p values calculated by two-tailed t tests).

Because 13Pr is strongly hepatotropic [17], control experiments
using PGD'®" PDACs were also conducted to evaluate if the in vivo
effects of 6AP against PGDM9" metastatic outgrowth were
selective. To that end, PGD'% cells isolated from a metastatic
peritoneal implant and a primary tumor (of a different patient)
were orthotopically implanted into the pancreas of NSG mice to
test the effects of 6AP against PGD"" primary tumor growth. In

Oncogene (2022) 41:1518-1525

contrast to the sensitivity of PGDM9"  hepatic metastasis
(Fig. 4A, B), both models of PGD'® primary tumor growth were
resistant to 6AP (Figs. 4C and S5A). The frequency of stochastic
peritoneal spread of the PGD'® peritoneal implant also appeared
resistant to 6AP (saline: 50%, 6AP: 50%, Fig. S5B). As expected [17],
no mice orthotopically implanted with PGD"" cells developed
grossly evident hepatic metastasis (Fig. S5A, C). Thus, 6AP was
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selectively active against PGD"9" PDACs in experimental 3D
formats in vitro (Figs. 1 and 2) and experimental mouse models
in vivo (Figs. 4 and S5).

Here we provide proof-of-principle evidence that a metastasis-
intrinsic metabolic adaptation can present druggable therapeutic
target(s). Our previous studies detailed one such adaptation that
is heavily dependent on PGD"9", Based on the results presented
here, we propose that 6AP and possibly other 6-aminopyridines
can be further developed into possible therapies for patients
with metastatic pancreatic cancer. To that end, crystal structures
of 6APADP bound within PGD could clarify selective inhibitory
mechanism(s) and guide design of second generation
6-aminopyridine analogs with superior properties.

There are nuances regarding the use of 6-aminopyridines that
require further investigation beyond the scope of this study. First,
6-aminopyridine prodrugs must enter the NAD(P) salvage path-
way for bioactive transformation. Although human PDACs
reportedly utilize this pathway for NADP biosynthesis [29], subsets
that do not would possess intrinsic resistance and the pathway
itself offers potential routes to acquired resistance. Synthesis or
purification of 6-aminopyridine riboside, mononucleotide, or
dinucleotide formulations could yield direct PGD inhibitors (Fig.
3) that bypass prodrug metabolism. Second, despite high catalytic
activity of the encoded protein, the PGD gene itself is not mutated
or recurrently over-expressed in PGDM" PDACs [20]. Thus, neither
sequence nor expression can serve as biomarkers of PGDMigh
status. However, PGDM9" strongly correlates with widely meta-
static PDAC [8, 20], high glucose consumption rates [17], global
histone hyperacetylation [17, 20], reduced TXNIP expression [17],
and a distinctive stromal fibrosis pattern [17]. If properly
developed as biomarkers, such surrogates could predict responses
to 6-aminopyridines. Third, this study focused on cellular proper-
ties intrinsic to low passage PDACs collected from patients.
Genetically engineered mouse models [30, 31] could inform
whether 6-aminopyridines influence the PDAC immune micro-
environment [32]. Finally, although 6-aminopyridine prodrugs may
share similar metabolic fates [33], comprehensive drug metabo-
lism and pharmacokinetics studies are required to formally
document bioactive half-lives and tissue distributions, oral
bioavailability and water solubilities may vary, and minimal
tolerated dose(s) must be determined empirically.

Irrespective of compound class, our data indicate that PGD
inhibitors may benefit pancreatic cancer patients with PGD-
dependent metastasis. We emphasize that the current study was
strictly designed to evaluate if metastatic outgrowth could be
prevented or slowed by PGD inhibitor monotherapies. Combining
PGD inhibitors with standard chemotherapy [34], targeted therapy
against genetic drivers [35], immunotherapy [32, 36], or other
forms of metabolic therapy [37-40] could significantly enhance
therapeutic efficacy. Beyond PGDM" pancreatic cancers, our
results indicate that it is possible to pharmacologically target a
metastasis-intrinsic metabolic dependency, even if the compo-
nents are not genetically altered. If such dependencies are
prevalent in advanced cancers, then a largely untapped pool of
druggable metabolic targets may be available for development of
effective therapies for patients with late-stage disease.

MATERIALS AND METHODS

Reagent sources

The rapid autopsy cell lines are previously described [8, 17, 18, 20]. AsPC-1,
HPAF-II, and PANC-2.03 were purchased from ATCC. 6AN was purchased
from Sigma-Aldrich. Analogs were purchased from Enamine, Sigma-
Aldrich, or synthesized at the Vanderbilt Institute of Chemical Biology
using published protocols. All compound identities and purities were
verified by LC-MS (M + H and >95% pure at A =215 nm and 254 nm) and
'H NMR spectroscopy prior to use. Detailed methods can be found in the
Supplementary Material.
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